In a nuclear reactor, beta nuclides are released during nuclear reactions. These betas interact with shielding concrete and produces external Bremsstrahlung (EB) radiation. To estimate Bremsstrahlung dose and shield efficiency in concrete, it is essential to know Bremsstrahlung distribution or spectra. The present work formulated a new method to evaluate the EB spectrum and hence Sr-90 Y is higher than those of other given nuclides. This estimated spectrum is accurate because it is based on more accurate modified atomic number (Z mod ) and Seltzer 0 s data, where an electron-electron interaction is also included. Presented data in concrete provide a quick and convenient reference for radiation protection. The present methodology can be used to calculate the Bremsstrahlung dose in nuclear shielding materials. It can be quickly employed to give a first pass dose estimate prior to a more detailed experimental study.
Introduction
In a nuclear reactor, beta nuclides are released during nuclear reactions. These beta nuclides interact with shielding concrete and produces external Bremsstrahlung (EB) radiation. To estimate the Bremsstrahlung dose in concrete and shield efficiency, it is essential to know Bremsstrahlung distribution or spectra. Classical Kramer 0 s law has been used extensively for the prediction of the Bremsstrahlung intensity (I) for elements:
where E g and E 0 are emitted photon energy and incident electron energy, respectively, and Z is the atomic number of the target element. Some authors [1] [2] [3] [4] [5] [6] [7] [8] have reported deviation of experimental results with this theoretical prediction and this derivation ignores the backscattering of electrons which may in heavy elements eliminate a large fraction of high energy electrons from the target. In order to improve the agreement between the experimental results and the theoretical predictions, various empirical modified versions of Kramer 0 s expression have been proposed [2] [3] [4] [5] . For a set of compound samples Vanderwood et al. [8] found definite discrepancies between the measured Bremsstrahlung intensities and the values predicted via Kramer 0 s law when weighted mean atomic number (Z mean ¼SW i Z i , where W i and Z i are weight fraction and atomic number of ith element, respectively) of the element present in the compound was used as Z in Eq. (1). As one possible explanation for these discrepancies, they suggested that Kramer 0 s law may not be an adequate description for the Bremsstrahlung radiation emitted by compound samples. Markowicz and VanGriken [9] proposed an expression to take into account the self-absorption of the Bremsstrahlung and electron backscattering and to obtain an accurate description of the Bremsstrahlung process:
Here, Z mod ¼
A i is atomic weight of the ith element, and f is a function of E 0 , E n and composition. For pure elements Eq. (3) simplifies to Eq. (2). The atomic number Z mod defined for compound is more accurate than Z mean . The Markowicz formula derived in a more rigorous way gives theoretical results for composite samples that are in better agreement with experimental values than those predicted by Kramer 0 s law. Shivaramu [10] measured the beta Bremsstrahlung yields in various compounds. The effective atomic number of compounds for the Bremsstrahlung process is interpolated from known atomic numbers of elements and measured Bremsstrahlung yields for various elements and compounds. He reported that effective atomic number agrees fairly better with Z mod than Z mean for the Bremsstrahlung process. Manjunatha [11] [12] [13] measured the beta Bremsstrahlung spectrum yields and their Z-dependence for various compounds and beta sources. The measured results agree well with the theory that is based on the Z mod . The present work estimates the EB spectrum and Bremsstrahlung dose in concrete by various beta isotopes. Such data will be of prime importance in radiation shielding.
Present work
Computations of the Bremsstrahlung dose have been divided into four parts, which are as follows.
Estimation of EB cross-section
The six elements whose atomic numbers are adjacent to that of concrete (Z mod ¼10.9764) chosen are N, O, F, Ne, Na and Mg and their Z values are 7, 8, 9, 10, 11 and 12, respectively. Z mod is evaluated using Eq. (2) and the composition [14] . The EB crosssection for concrete is evaluated using Lagrange 0 s interpolation technique, Seltzer-Berger [15] theoretical EB cross-section data given for elements using the following expression:
where lower case z is the atomic number of the element of known EB cross-section s z adjacent to the modified atomic number (Z mod ) of the compound whose EB cross-section s Z mod is desired and upper case Z are atomic numbers of other elements of known
is used for evaluation of spectrum.
Evaluation of Bremsstrahlung spectrum
The number nðT, kÞ of EB photons of energy k, when all of the incident electron energy T is completely absorbed in a thick target is given by Bethe and Heitler [16] as
where s(E, k) is EB cross-section at photon energy k and electron energy E, N is the number of atoms per unit volume of target and E is the energy of an electron available for an interaction with nucleus of the thick target after it undergoes a loss of energy per unit length ( À dE/dx). For a beta emitter with end point energy T max , spectral distribution of EB photons [S(k)] is given by
where P(T) is the beta spectrum. Evaluated results of s(E, k) of Eq. (4) and tabulated values of ( ÀdE/dx) of Seltzer-Berger [15] data are used to get S(k) for the target compounds.
Evaluation of Bremsstrahlung yield
The number of EB photons produced by electrons or beta particles while passing through a target thick enough to absorb them can be defined as photon yield (N) of the target. Energy yield (I) is the total Bremsstrahlung energy radiated per incident beta particle. EB photon yield (N) and energy yield (I) are evaluated from S(k) from the following expressions:
where k is the photon energy; k min and k max are the minimum and maximum energy of the measured photon spectrum, respectively.
Evaluation of Bremsstrahlung dose
We used the following expression [17] for the calculation of specific absorbed fraction of energy at distance x from the point source monoenergetic photon emitter:
Here m en is linear absorption coefficient of photons of given energy, m is linear attenuation coefficient of photons of given energy, B en is energy absorption build up factor and r is density of the medium. The energy absorption build up factors in concrete have been computed using the Geometric progression (GP) fitting method [18] . The values of m en and m of photons have been taken from Hubbel [19] . The specific absorbed fraction for a given beta source was estimated by integrating over the entire Bremsstrahlung spectrum:
where T max is the maximum energy of beta. Estimation of the value of^allows calculation of the absorbed dose at fixed distances from the point source in the infinite, homogeneous medium: Table 2 Maximum energy T max in MeV of beta, Bremsstrahlung Photon yields N (Photons/beta particle) and energy yields I (MeV/beta particle) in concrete. are provided by the calculated Bremsstrahlung spectrum using Eq. (6). It has been estimated using D(x) between x¼10 and x ¼100 cm, through complete decay of given beta isotopes.
Results and discussions
The estimated s Z mod (mb/MeV) for low and high energies are as shown in Figs. 1 and 2 , respectively. The evaluated Bremsstrahlung spectra employed in the dose calculations are shown in Figs. 3  and 4 . These values are also given in Table 1 . This estimated spectrum is accurate because it is based on more accurate Z mod , Seltzer-Berger data, where an electron-electron interaction is also included. The evaluated Bremsstrahlung energy (I) and number yield (N) in the concrete are shown in the Table 2 . The variation of energy absorption buildup factors (B en ) and specific absorbed fractions of energy (^) with photon energy in concrete are as shown in Figs. 5 and 6 . The specific absorbed fraction of energy (F) and energy absorption buildup factors (B en ) increase up to 0.1 MeV and then decrease. The variation of F and B en with energy is due to dominance of photoelectric absorption in the lower end and dominance of pair production in the higher photon energy region. The computed specific absorbed fractions of energy (^) values are more accurate than the data available in the literature because the variation of an effective atomic number with energy is also considered in the calculation. During the calculation of^values, thickness of penetration depth is considered up to 40 mean free paths.
Calculated values of absorbed dose (in Gy/MBq) due to the Bremsstrahlung radiation from various beta isotopes in concrete are tabulated (Table 3 ). Fig. 7 shows the estimated absorbed dose per unit initial activity as a function of distance from the source. Absorbed dose of Bremsstrahlung in concrete by various beta isotopes decrease with distance in the target medium. In our previous work [13] , we have measured the beta Bremsstrahlung yields in compound targets. The measured Bremsstrahlung yields are compared with theoretical values based on Z mod and Z mean (as shown in Table 4 ). The agreement of experimental measurements with theoretical values based on Z mod is better than that obtained when Z mean is considered. Hence, the modified atomic number (Z mod ) of compound defined for the Bremsstrahlung process is more accurate than Z mean . The estimated Bremsstrahlung spectrum and dose are based on Z mod and hence improve the accuracy. For the sake of comparison, we have also estimated the Bremsstrahlung dose based on the Z mean and compared with the dose that is calculated based on Z mod (as shown in Table 5 ).
The calculations employed the accurate energy absorption buildup factors and the Bremsstrahlung photon spectrum. These results show that the Bremsstrahlung doses may not always be negligible. These results can be easily extended to other radionuclides or geometries. Table 4 Bremsstrahlung Photon yields (Photons/beta particle) [13] . 
